The macroscopic quantum tunneling of a planar domain wall in a ferromagnetic metal is studied based on the Hubbard model. It is found that the ohmic dissipation is present even at zero temperature due to the gapless Stoner excitation, which is the crucial difference from the case of the insulating magnet.
In recent years, owing mainly to the development of technology in mesoscopic physics, there has been growing interest in macroscopic quantum tunneling (MQT) in magnetic systems [1] , e.g., the magnetization reversal in small grains [2] , the quantum nucleation of a domain [3] , and the quantum depinning of a domain wall via MQT [4] . These studies are mainly in ferromagnets, but recently a magnetization reversal due to MQT has been observed in antiferromagnetic particles of horse spleen ferritin [5] . In the case of the quantum depinning of a domain wall pinned by defects, the position of the wall at the pinning center becomes metastable in the external magnetic field, and if the barrier height is low enough, the position tunnels out of the local minimum. This problem was studied theoretically by Stamp [4] for the case of an insulating magnet. The tunneling rate was expressed in terms of macroscopic variables, and was shown to be large enough to be observed even for a large wall with about 10 10 spins. As sources of dissipation, which is shown to be important by the seminal paper by Caldeira and Leggett [6] , Stamp considered magnons and phonons, but the effects turn out to be negligible, since magnon has a gap and coupling to phonon is weak. Consequently it has been concluded that the tunneling rate is not essentially affected by dissipation in insulators.
Experiments on MQT in magnetic system, however, have been carried out in metallic ferromagnets. In metals, in contrast to the case of insulators, there is a gapless excitation of spin flip, and hence dissipation from conduction electrons must be very important. Consequently the quantum motion of the wall in metals should be quite different from that in insulators. [7] In this paper, we will investigate theoretically the dissipative effect on MQT of a domain wall in a ferromagnetic metal based on an itinerant electron model. An important and interesting feature of the itinerant system is that the electron, which supports magnetization, works also as a source of dissipation in the dynamical motion of the magnetization itself. Our analysis is based on the Hubbard model in the continuum. The calculation is carried out at zero temperature, since we are interested only in the quantum tunneling present at low temperature.
The Lagrangian in the imagnary time path integral is given by
where c xσ is an electron operator at site x with spin σ(= ±), n xσ ≡ c † xσ c xσ and U is the Coulomb repulsion. The band energy is ǫ k ≡ k 2 /(2m) − ǫ F with the fermi energy ǫ F .
The Coulomb repulsion term will be rewritten by introducing a Hubbard-Stratonovich field representing the magnetization; M x ≡ M x n x , where M x ≡< (c † σc) x > n x with n x being a slowly varying unit vector which describes the direction of magnetization. The magnitude of magnetization is assumed as space-time independent, M x ≡ M. Hence only n x remains as the relevant degree of freedom.
The spatial variation of n x accompanied with a domain wall is assumed to be much slower compared to the inverse fermi momentum of the electron k
F . For the analysis of such a slowly varying field, a locally rotated frame [8] of electron is convenient such that the z-axis of the electron is chosen in the direction of the local magnetization vector n x . The electron operator a xσ in the new frame is related to the original c xσ as
where the polar coordinates (θ x (τ ), φ x (τ )) parametrize the direction of n x (τ ). The electron a xσ is polarized uniformly with the energy ǫ kσ ≡ k 2 /2m − σUM − ǫ F . As a price of this transformation, there arises from the kinetic term c †ċ + |∇c| 2 /(2m) an additional term H int that describes the interaction of electrons with spatial variation of the magnetization vector [8] . This interaction H int is small and of the order of O(k F↑ λ) −1 , where λ is the domain wall thickness, k F↑ is the fermi momentum of the majority spin, and hence can be treated perturbatively. Our following results are valid for λk F↑ > ∼ 1.
The integration over the electron degrees of freedom leads to the effective action for the magnetization as S eff = −tr ln(∂ τ + ǫ kσ ) + β x (U/2)M 2 + ∆S. The first two terms are the mean field action for a ferromagnet which determines the magnetization M. The dynamics of (θ, φ) is described by ∆S, which is expressed in terms of correlation functions of electron.
This term is decomposed into two parts, that is local and non-local in time, respectively, as ∆S ≡ ∆S loc +∆S dis . The local part ∆S loc determines the dynamics of magnetization vector, and the non-local part ∆S dis represents the dissipative effect due to conduction electrons on the motion of the magnetization vector.
Up to the lowest order in ∂ τ and ∇, the local part ∆S loc turns out to be formally the same as the ferromagnetic Heisenberg model [8, 9] with spin S ≡ M/2 whose Lagrangian is given by
The exchange coupling or the spin wave stiffness constant is expressed by the parameters of the original Hubbard model as
n is the electron number per site, k Fσ ≡ (2m(ǫ F + σUM)) 1/2 is the fermi momentum and a is the lattice constant. Hence, in the absence of the non-local term ∆S dis , there is no formal difference between metallic and insulating ferromagnets, and the tunneling rate of the domain wall is determined on the same footing [4] .
In order to incorperate the domain wall, the anisotropy energy with yz easy plane is introduced [10] ; For the magnetic field H close to the coercive field H c , i.e., (
is the domain wall mass N being the number of the spins in the wall. For this case of small ǫ, the attempt frequency around the minimum is
and the width of the barrier is given by Q 0 = 3/2 √ ǫλ where where
c ǫ 7/8 (Hz) and the exponent,B, is given
, a small value of ǫ is needed to observe the tunneling.
Let us now look into the non-local action ∆S dis , where the characteristic feature of the itinerant electron system is to be seen. For the case of a weak dissipation, this contribution is evaluated by use of the configuration of a domain wall obtained in the absence of dissipation.
Up to ∇ 2 , ∆S dis is obtained as
where J α (q) (α = ±, z) are the Fourier transform of the spin currents of the electron; After the analytic continuation to real frequency, ∆S dis is expressed by the imaginary part of the retarded correlation function < J + J − > | ω+i0 as [13]
The imaginary part is expanded in terms of ω/ǫ F as
The term linear in ω gives rise to the ohmic dissipation. It is seen from the restriction on q that the ohmic dissipation arises from the Stoner excitation, which is a gapless excitation of spin flip across the fermi energy.
By the expression of the domain wall configuration, the non-local part of the effective action is reduced to
The form factor of the wall, 1/ cosh 2 (πλq/2), represents the effective coupling between electrons and the wall, and because of this factor, the momentum integration is domi- 
For a thick wall λ( We have neglected the effect of magnetic field on electronic states. This is justified as long as UM ≫ γH. In experimental situations with the magnetic field of < ∼ 1T and U ≃ 10eV, this condition reduces to M > ∼ 10 −4 in unit of the Bohr magneton, which is easy to satisfy.
However, in order to discuss the case of very small M, the fluctuation of the magnitude M x around the mean field value must also be included.
The contributions of higher order in H int are smaller than that of the second order we have calculated; for the potential renormalization by the order of (k F↑ λ) −2 and for the dissipative effect by (k F↑ λ) −2 or ǫ.
In Eq. (9) we have taken account of only the ohmic dissipation. The super-ohmic contributions, which are of higher orders of (ω/ǫ F ) in Eq. (7), are smaller than the ohmic one by a factor of (ω 0 /ǫ F ) 2 ≪ 1 and hence are negligible. On the other hand, a contribution from the magnon pole, which has not been taken into account in the correlation function < JJ >, is calculated from
where ω q ≡ ∆ 0 + JMa 3 q 2 /2 is the magnon energy with the anisotropy gap ∆ 0 . This pole leads to super-ohmic dissipation, whose strength, η (pole) , is evaluated as
Since experiments are usually carried out in highly anisotropic materials with ∆ 0 /ω 0 ≃ 10, this contribution is very small compared to the ohmic dissipation for the case of a thin wall.
The present metallic case, where the ohmic dissipation is present even at absolute zero, are in contrast with the insulating case. At finite temperatures, however, there are ohmic dissipations even in the latter case. Stamp calculated such ohmic dissipations from two-and three-magnon processes and found η (mag) =(3/2πS)(1/β∆ 0 )exp(−β∆ 0 ). These processes corresponds to higher order contribution of H int in our calculation. In contrast to the case of metals, the value of η (mag) vanishes at T = 0 and is very small at β∆ 0 ≫ 1, hence the ratio of ∆S dis /B is negligibly small in insulators.
In metals, eddy currents may influence MQT. An electric field is induced by Faraday's law from the change of magnetizations accompanied with the motion of the wall. This field produces the electric current and thus leads to the Joule heat of P = (µ 0h γ/a 3 ) 2Q2 /ρ per unit volume where ρ is the resistivity. By use of the specific heat C and the system size of L, the temperature rise due to the eddy current is expressed as ∆T = P L/(CQ).
, it is estimated as ∆T ≃ 10mK. This value is not negligible but effects associated with this temperature rise may be separated from the intrinsic effects in careful experiments.
Our result shows a distinct difference between MQT of thin walls in metallic and insulating magnets. Unfortunately the experiments carried out so far appears not yet be able to observe dissipation due to itinerant electrons. In the experiment of a domain wall motion in a small particle of Tb 0.5 Ce 0.5 Fe 2 , MQT was observed below T co ≃ 0.6K [15] . However, the width of the domain wall is about 30Å and according to our result,
the dissipation from electron is negligible for such a thick wall. This may be the reason why the result of the crossover temperature T co ∼ 0.6K is roughly in agreement with the theory [4] without dissipation. On the other hand, the domain wall in SmCo 5 is very thin λ ≃ 12Å, and our result suggests strong effect of dissipation, which will be interesting to observe.
Experiments on bulk crystal of SmCo 3.5 Cu 1.5 with very thin walls (a few times a) have been performed [16] , although quantitative argument is not easy since many walls participate in these experiments. Even in the case of thick walls, the dissipative effect becomes large in weak ferromagnets, where the experiments, however, will not be easy because of small value of saturation magnetization M.
MQT in disordered magnets has a new possiblity of observing a significant effect of sub-ohmic dissipation. In fact, as disorder is increased in a metallic magnet, the Anderson transition into an insulator will occur, and it was shown recently that near the transition the dissipation due to the conduction electron becomes sub-ohmic [13] . Disordered magnets may also be suitable for study of MQT because the eddy current becomes less important for larger resistivity.
Our calculation is valid in the s-d model as well, where localized magnetic moment is due to d electron and the current is carried by s electron.
In conclusion, we have studied the macroscopic quantum tunneling of a domain wall 
